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Disclaimer

* the organizers asked me to concentrate on mesons,
in particular to exotic quarkonium-like states (XYZ)
that have been experimentally confirmed during 2013/2014

100‘_ —4- Data
- — Total fit [BESIII, 2013, 1303.5949, PRL] such states
= e Belareunale confirmed by
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| will review also other topics in hadron spectroscopy to the extent possible
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Qutline

e  Methods (most commonly used ones)

<> States well below strong decay threshold

<> Excited states: single-hadron approximation
<> Near-threshold states

<> Resonances

e Related studies
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Methods

(most commonly used ones)
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Discrete energy spectrum from correlators

.2

| ith given JFC (or irrep.) i ) heai
Mesoi(llke) syitem W|th_g|ven J (or_lrrej).) is created by M,(p,) M5
O-qlq, (ql'\q); (qU,q);, [q1,qllqT 4q1l.... i

M, (py) My (p)y)

C,()=(0|q) g (0)|0)

=2 0lgln) e (nla

All physical states with given JPC (or irrep) appear as E_ in principle (and are mixtures of) :
* 'single-particle" states

0)=Y 7'z ™' 7! =(0|@|n)

« "two-particle" states: for periodic BC E(L)= \/mf +p; +\/m§ +p, +AE, P =%, p,=%i

2
* three particle states.... (not yet in practice)

E,, and overlaps Z are extracted from variational method [C. Michael 1985, Luscher, Wolff, 1990, Blossier 2009]

M (1Y oc ¢~ [1 4 O(e~E" (n) :eEnt/2‘Cjk(t)ul(cn)(t)| (n) () — \(n) (n)
AP (e ™ (10D Z7 (1) a0 C(t)u'™(t) = A" ()C(to)u'™(t)
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Wick contractions require all-to-all methods

Example of Wick contractions needed
for the X(3872) channel

O: ¢ c, (cu)uc), (cc)uu)

all-to-all methods are needed and
widely used by now

Examples:
- distillation method
[Peardon et al, JHEP 2009]
- stochastic distillation method
[Morningstar et al, PRD 2011]
- a number of others
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Extracting information on strong interactions

VTpL
2 Zyo (1; (%)2)

Luscher-type relation : input E™ [Luscher 1991] tan d(p) =

in favorable cases (P=0): one equation for one unknown &,(E“™)
in less favorable case (P#0, 820, coupled ch.): one equation for several unknowns 62(E™)
encouraging that HSC managed to extract T-matrix for coupled K, Kn [Dudek et al, HSC, 1406.4158], Wilson

extensions and references reviewed by Briceno and Yamazaki, plenaries et (F—l s ZM) —0

~

. . . . o2 (Eem
finite-volume Hamiltonian EFT: input E [Hall et al, 1303,.4157, PRD], Leinweber HE)

fit E with A of Hamiltonian EFT and extract parameters of Hamiltonian

HALQCD method: [Ishii et al., PLB712, 437 (2012)] members of HALQCD

determine V(r) between two mesons and extract 6(E) by solving Schrodinger eq.

possibility of rigorously extracting info from overlaps has not been fully explored
so far used mostly at the intuitive level
considerations in this direction may turn out fruitful Z = <O|@?|n>

S. Prelovsek, Hadron Spectrum 7



Precision spectrum:
States well below strong decay threshold
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extrapolation a—0, L—=>00

States well below threshold

no two-particle states nearby: standard procedure applicable

]

m=E (for P=0)

simulation at mql"hy or extrapolation/interpolation mq—>mq'0hy

particular care needed for discretization errors related to am_and am, :

complementary methods give compatible results for a—=0

many precision lattice results available !

Charmonium : cc
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mixing with light hadrons is omitted for all hidden charm states that | will present !

the rigorous treatment which goes beyond that still presents an unsolved challenge

(i) noise in disconnected diagrams, (ii) mixing with a number of lighter states
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band indicates uncertainty Mig = i[Mnc + 3MJ/1/)]
- - related to omission of
LOW ly| ng Cha rmon l u m charm annihilation M 18 — [ans + 3M¢2s]

many results available, only few examples shown [Levkova, DeTar] 1
1P = Q[MXCO + 3MX01 + 5MXC2]

leading + subleading shapes [MJ/¢ _ M"’I ]emp =113.24+0.7 Mev
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uncertainty from scale setting and disconnected
diagrams not taken into account in above plots
Fermilab/MILC, Daniel Mohler, Monday 17h30

HPQCD/MILC, Ben Galloway, Tuesday 15h35
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nandn'
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both very narrow

two-meson strong decay modes negligible
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[C. Michael, K. Ottnad, C. Urbach, ETMC,
1310.1207, Phys. Rev. Lett. 2013]
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"Non-precision" spectrum:
states near or above threshold

only oneorfew a, L, m,y,

limits a—0, L0, m ,>m_ P" usually not performed
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Almost all hadrons are near or below threshold
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strong decay th.

well below
open
charm
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———)

rigorous
treatment
attempted
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States near or above threshold:
single-hadron approximation

- only interpolating fields & =94
e assumptions: all energy levels correspond to "one-particle" states

no two-particle state is seen
m=E (for P=0)
these are strong assumptions ...

but results still present valuable reference point
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Isoscalar mesons : single hadron approximation
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Isoscalar mesons: mixing angle

SU(3)
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[HSC : Dudek, Edward, Guo, Thomas: 1309.2608, PRD]
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Isoscalar mesons: multiplets from overlaps
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[HSC : Dudek, Edward, Guo, Thomas: 1309.2608, PRD]
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M-M, (MeV)

CC spectrum: single hadron approximation

1500

N
H
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500+

S-wave

0 =t 27 3T 4

- ——— -
|

[ Exotics

- Xeo

4 o+

[HSC, L. Liu et al: 1204.5425, JHEP]
* m_=400 MeV, L=2.9 fm, Nf=2+1

* reliable JP¢ determination

hc Xa Xe

S Bt R L L o o 71-+ o+ 2+ |

Hybrids:

D and D, mesons:
[G. Moir et al., HSC :
1301.7670, JHEP]

some of them have exotic JPC

large overlap with O=q Fi g

* identification with n 2>*1L, multiplets using <O|n>

 green: lat, black: exp
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Beyond single hadron approximation

* most of the effort in this direction

* one can not expect plots with a number of multiplets soon
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States near threshold

Most of interesting states are found near threshold in experiment !

Z.*,Z.*, X(3872), D.,"(2317), A(1405)
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Challenges for the lattice community: quarkonium-like states

TABLE 10: Quarkonium-like states at the open flavor thresholds.| For charged states, the C-parity is given for the neutral
members of i€ COrresSponding SotTipiets:
State M, MeV T, MeV JFC Process (mode) Experiment (#o0) Year Status
X (3872) 3871.68 +0.17 <12 1t+ B— K(7r+7r_J/'z,b) Belle [772, 992] (>10), BaBar [993] (8.6) 2003 Ok
pp — (7r+7r_J/1,b) CDF [994, 995] (11.6), DO [996] (5.2) 2003 Ok
pp — (mrm=J/p) ... LHCbD [997, 998] (np) 2012 Ok
B = K(rtn—n0J/%) Belle [999] (4.3), BaBar [1000] (4.0) 2005 Ok
B — K(yJ/Y) Belle [1001] (5.5), BaBar [1002] (3.5) 2005 Ok
LHCb [1003] (> 10)
B — K(yv¢(25)) BaBar [1002] (3.6), Belle [1001] (0.2) 2008 NC!
LHCbD [1003] (4.4)
B — K(DD*) Belle [1004] (6.4), BaBar [1005] (4.9) 2006 Ok
Zc(3885)+ 3883.9+45 25+12 11t Y (4260) — 7~ (DD*)"' BES III [1006] (np) 2013 NC!
Zc(3900)+ 3891.2+3.3 40+8 7?7 Y (4260) — 7~ (7r+J/1,b) BES III [1007] (8), Belle [1008] (5.2) 2013 Ok
T. Xiao et al. [CLEO data] [1009] (>5)
Z.(4020)t 4022.94+28 7.9+3.7 ?7- Y (4260,4360) — 7 (7t h.) BES III [1010] (8.9) 2013 NC!
Zc(4025)+ 4026.3 +4.5 24.8+9.5 77— Y (4260) — 7~ (D"‘D"‘)+ BES III [1011] (10) 2013 NC!
i Zb(10610)+ 10607.2 +£2.0 18.4+2.4 1+~ T(10860) — w(wY(1S,28S,3S5)) Belle [1012-1014] (>10) 2011 Ok
T(10860) — 7~ (7r+hb(1P, 2P)) Belle [1013] (16) 2011 Ok
N Y (10860) — ©~ (BB*)*t Belle [1015] (8) 2012 NC!
1 Zb(10650)+ 10652.2 +1.5 11.5+2.2 11— T(10860) — 7~ (7r+T(1S, 25,39)) Belle [1012, 1013] (>10) 2011 Ok
T(10860) — 7~ (7t hy (1P, 2P)) Belle [1013] (16) 2011 Ok
T(10860) — 7~ (B"‘B"‘)+ Belle [1015] (6.8) 2012 NC!
QCD and strongly coupled gauge theories: challenges and perspectives
. o rambilla*f,! S. Eidelman®,? P. Foka't,* S. Gardner?,> A.S. Kronfeld',®
[reVI eW: B ra m bl I |a et a I . 1404 . 3 7 2 3] M.G. Alfg:.d*E,"’ R.bAHl]z«)f:erS8 I{adfil;utens;hén]:,QFTg. éolslen(f,“’d.]. Er:imjznsgeg,u i.ki"‘;bbiettit,”
M. Faber?,!® J.L. Goity!,1415 B. Ketzer!$,! H.W. Lin!,!8 F.J. Llanes-Estradaf,'”
H.B. Meyer!,'8 P. Pakhlov!,'%20 E. Pallantef,?! M. Polikarpov?,'20 H. Sazdjian?,??
A. Schmitt!,?> W.M. Snow!,2* A. Vairo?,! R. Vogt?,25:26 A. Vuorinen?,?” H. Wittig?,'®
P. Arnold,?® P. Christakoglou,?® P. Di Nezza,®® Z. Fodor,?"3%33 X. Garcia i Tormo,** R. Hollwieser,'?
M.A. Janik,3 A. Kalweit,30 D. Keane,3” E. Kiritsis,3%3%40 A, Mischke,*! R. Mizuk,!9 42
G. Odyniec,*® K. Papadodimas,?* A. Pich,** R. Pittau,*® J.-W. Qiu,*®*7 G. Ricciardi,*®
C.A. Salgado,’° K. Schwenzer,” N.G. Stefanis,>! G.M. von Hippel,'® and V.I. Zakharov!! 19
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More challenges: quarkonium-like states above threshold

TABLE 12:| Quarkonium-like states above the corresponding open flavor thresholds. |For charged states, the C-parity is given .
for the neutl%Mng 1sotnplI:3ts. 2k I & ' pr e A” these bEI|eved
State M, MeV I, MeV JPC Process (mode) Experiment (#0) Year Status NOT to b e QQ |
Y(3915) 39184419 20+5 0/2"F B K(wJ/v) Belle [1050] (8), BaBar [1000, 1051] (19) 2004 Ok = :
ete”™ »eTe (wJ/7Y) Belle [1052] (7.7), BaBar [1053] (7.6) 2009 Ok
xc2(2P) 39272426 2446 2T+t ete~ —ete (DD) Belle [1054] (5.3), BaBar [1055] (5.8) 2005 Ok
X(3940) 394273 37727 9"t ete~ = J/¢(DD*) Belle [1048, 1049] (6) 2005 NC!
Y(4008) 3891+42 255442 1=~ ete” — (rta—J/v) Belle [1008, 1056] (7.4) 2007 NC!
1(4040) 4039+ 1 80+10 17— ete” = (D™D (x)) PDG [1] 1978 Ok
ete= = (nJ/v) Belle [1057] (6.0) 2013 NC!
405172 8275l 77t B0 K—(mtxe1) Belle [1058] (5.0), BaBar [1059] (1.1) 2008 NC!
Y(4140) 41458426 1848 ?’* Bt - KT(¢J/v) CDF [1060] (5.0), Belle [1061] (1.9), 2009 NC!
LHCb [1062] (1.4), CMS [1063] (>5)
DO [1064] (3.1)
¥(4160) 4153+ 3 10348 17~ ete™ — (D™DMX) PDG [1] 1978 Ok
ete= — (nJ/v) Belle [1057] (6.5) 2013 NC!
X(4160)  4156+22 1391113 97+ ete= 5 J/y (D*D¥) Belle [1049] (5.5) 2007 NC!
Z(4200)+| 4196732 370739, 1t= B0 — K—(xtJ/3) Belle [1065] (7.2) 2014 NC!
Z(4250)* | 4248718° 17732 97 BO 5 K (ntxe1) Belle [1058] (5.0), BaBar [1059] (2.0) 2008 NC!
Y (4260 425049 108412 1==  ete™ — (nrmJ/3) BaBar [1066, 1067] (8), CLEO [1068, 1069] (11) 2005 Ok
Belle [1008, 1056] (15), BES III [1007] (np) [ H .
ete™ — (f0(980)J/v) BaBar [1067] (np), Belle [1008] (np) 2012 Ok review:
ete™ — (m~ Z:(3900)*) BES III [1007] (8), Belle [1008] (5.2) 2013 Ok :
ete™ — (vX(3872)) BES III [1070] (5.3) 2013 NC! Bram bl l Ia eta I °)
Y(4274) 4293420 35416 ?’t Bt - KT(¢J/v) CDF [1060] (3.1), LHCb [1062] (1.0), 2011 NC! 1404.372 3]
CMS [1063] (>3), DO [1064] (np) .
X(4350) 43506736  13F18  0/27t etem = ete(¢J/¥) Belle [1071] (3.2) 2009 NC!
4360)  4354+11 78116 17— ete — (ntm—w(29)) Belle [1072] (8), BaBar [1073] (np) 2007 Ok
4458 +15 16673, 1t— B0 - K—(r+y(29)) Belle [1074, 1075] (6.4), BaBar [1076] (2.4) 2007 Ok
LHCb [1077] (13.9)
B - K= (ntJ/v) Belle [1065] (4.0) 2014 NC!
X(4630)  4634+9, 924l 1-—  ete — (ATAD) Belle [1078] (8.2) 2007 NC!
Y(4660) 4665+10 53414 1=~ ete™ — (rta—¥(25)) Belle [1072] (5.8), BaBar [1073] (5) 2007 Ok
YT(10860) 10876411 55428 1=~ ete™ — (Bé;))Bg)) (m) PDG [1] 1985 Ok
ete= — (rrY(1S,25,3S)) Belle [1013, 1014, 1079] (>10) 2007 Ok
ete= — (fo(980)Y(1S)) Belle [1013, 1014] (>5) 2011 Ok
ete™ — (mZ5(10610, 10650)) Belle [1013, 1014] (>10) 2011 Ok
ete= — (nY(15,25)) Belle [948] (10) 2012 Ok
ete™ = (nT7w~YT(1D)) Belle [948] (9) 2012 Ok
Y3(10888) 10888.443.0 30.7752 1= ete~ = (rta—T(nS)) Belle [1080] (2.3) 2008 NC!
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Charged charmonium-like Z *

(manifestly exotic)

S. Prelovsek, Hadron Spectrum
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Charged charmonium Z.*: experimental status

candidates with [review: Brambilla et al., 1404.3723]

preferred
|G=1+ JPC=1+ particle C | J? | decay year | coll
=1*, JPC=
(Cis for neutral partner) Z+(4430) - 1+ P(2S)m* 2008  Belle, BABAR, LHCb
Z.*(3900) - 0?2 2013  BESIII, Belle, CLEOC
46— _ * ﬁthresholds Z*(3885) - 1+ (DD*)* 2013  BESII
- y(3770) T . .
44— * D# D Z*(4020) - ? h(1P)m* 2013 BESII
. = y@S) Z.*(4025) - ? (D*D*)* 2013 BESII
L — DD
42— % — NP Z*(4200) - 1+ ot 2014 Belle
- — yr Z'(4050)  + ? y, T 2008 Belle
— gl e
> P 7:(4250) + ?  x, T 2008 Belle
M 38 B « 100F Hom
- § [ -+~ Background fit
8 *F - BESIII, 2013, 1303.5949, PRL]
3.6 — g 60:_ -S‘m"d [ ) ) . y
B @ 40k o RE S + +
» 2tk S W Z.*(3900) > J/¥ m
S 205
i w . ) cc gu
0==%7 88 39 40
32— Minec(Jhp) (GeVic?)
Exp Question for our community:
Does QCD support existence of such states? 24




|

E[GeV]

Towards evidence for 2,* from lattice: 1°=1*, JP¢=1*

|
— — YT
oo =+ D) DHC1)
T x n KEERE y(3770) &
441 @ _ D# D*
o |- yeSm
L — DD*
42— 4 = i) D)
B : Suittutiutttutites RN n.P
s Ee oA [
..... :...T........// A T 0
R 7
38 .-
3.6 — |
34— —
V4
- 7/ -
7/
32— |
B -
Exp. Lattice

[S.P., Lang, Leskovec, Mohler, 1405.7623]
Wilson Clover, m =266 MeV, L=2 fm, N;=2

* search for Z* with E < 4.3 GeV

* horizontal lines correspond to
energies of all two-particle states
with E < 4.3 GeV on this lattice

* There would be many more two-particle
states for larger L !

* 9 two-particle states are expected
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Towards evidence for 2,* from lattice: 1°=1%, JPC=1*

Y,

- D(1) D*(-1)

y(3770) T
y(2S)

D D#*
Jjh(1) m(-1)
n.p

Iy

|
46 — _ T —
- i }i: —
44— 1 —
42 ¥ ]
4= * e 34 —
..... |...:—.........// AT T T T T
- i 2l
3.8__.__1_. _______ //’
3.6 — —
34 —
/|
- /7 ]
Vs
32+ —
= -
Exp. Lattice

[S.P., Lang, Leskovec, Mohler, 1405.7623]
Wilson Clover, m =266 MeV, L=2 fm, Nf=2

Meson-meson interp0|at0r53
O™ = 24,c(0) dysu(0),
O"p(l)ﬂ'(_l) — Z Efyzc(ek) ny5u(_ek),

ek=:|:6m,y,z
Onc(O)P(O) — Ey5c(0) J'yiu(O) y
OPOP™O) — Gyeu(0) dyic(0) + {75 ¢ i},
OD*(O)D*(O) = eijk E’YJU’(O) J7k6(0)7

and 9 others ..

Diquark antidiquark interpolators

(expected to couple particularly well to exotic
state but couple also to two-meson st.):

0/ =[¢ Cysd], [cy,C uls,
0, =[c Cd], [cy,ysC ul;,

and 2 others ..

S. Prelovsek, Hadron Spectrum 26



E[GeV]

4.6

44

4.2

3.8

3.6

34

32

Evidence for Z_* from lattice: 1°=1%, )?¢=1*

P, 7

—+ D(1) D¥(-1)
Y(3770) x

D* D*
ETSE

Jp(1) u(-1)

— n.p
— Jpn

T O
P i
3
Lo —
] I
I ]

P+ .
| — —
i i E 3 —-;/" - .

R - // 7 _t"_'_:_’_
| H /J =

e -

/’ I
, e 2
7/ -
/7
Exp. Lattice

[S.P., Lang, Leskovec, Mohler, 1405.7623]
m =266 MeV, L=2 fm, Nf=2

S. Prelovsek, Hadron Spectrum

* Black circles: two-meson states
* Red asterix: candidate for Z_*
(the smaller error is statistical,

the larger corresponds to systematics)

* 9 two meson states below 4.3 GeV
e an additional state found

* since we exhausted all two meson-
states below 4.3 GeV, itis a
candidate for an exotic Z *.
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Additional supporting evidence for Z,*

4.6

44

42

E[GeV]

3.6

34

32

[S.P., Lang, Leskovec, Mohler,
1405.7623]

Y,

D(1) D*(-1)
y(3770)
D* D*
y(2S)
D(0) D*(0)
Jh(l) m(-1)
n.p

Jyn

| x
¢ e .
| o -
= i * . | * - L -
. - .
= I _L* :I - - - = -
T k¥ = |
B B SEE— R C—
[ without
exp. all 4Q
Exp. Lattice

Meson- <=
meson

Diquark-
antidiquark

4Q

S. Prelovsek, Hadron Spectrum

° o (ym),
= (ym),
- o (ym),
A (ym),
100 (¥ ),
E (¥ )
> (ym),
+ (ym)y,
x Iy Te-1)
* NP
e (DD¥),
= DD¥),
@ D(1) D*(-1)
1= D* D*
E A ° (4Q),
L = (4Q),
* (4Q),
A (4Q),

C
*X

<QIOjIZ+>
=
R

0.1

(co)@q) (C(@e) 4Q

OO = e31¢(0) drsu(0),

OYWm(-1) — Z cvic(er) J’YSU(—ek):

ex=%ez,y,z
One0)p(0) — cysc(0) nyiu(()) ,
OPOPO) — a2y u(0) dyic(0) + {ys > v},
OP OD™O) — ¢, Ey,u(0) dyee(0),
and 9 others ..

0} =[¢ Cy;d], [c y,C ul;,
0,"=[c C g]3c L yiysC uls,

and 2 others ..
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Comparing to experimental Z.* candidates

4.6

44

42

E[GeV]

38

3.6

34

32

P,

- D(1) D*(-1)

W(3770) =
D* D*

- YE@S)w

D D*
Jp(1) 7u(-1)
n.p

Jhp =

| x |
| Il =
b lfffff;l‘.#ﬁff..
- i e ","' E —
,,,,,, T A L
1 o ,J gl
e v -
7 -
7/ -
4
Exp. Lattice

Nearby experimental candidates:

Z.*(4020), I=7.9+3.7 MeV BESIII 2013
Z.*(4025), M=24.8 £ 9.5 MeV BESIII 2013
Z.*(4200), =370 + 110 MeV Belle, Moriond 2014

S. Prelovsek, Hadron Spectrum

Luka Leskovec, Friday 15h15

Hadron Spectroscopy

Challenge: this problem would have to be
ideally treated as 6-coupled channels, but
rigorous Luscher-type treatment is not
realistic in the near future ®

Smart ideas for improvement along these
welcome!

Lattice (m_ =266 Mev, Nf=2) :
m(Z.*) =4.16 GeV
+0.163 GeV = O(IN

[S.P., Lang, Leskovec, Mohler, 1405.7623]

29



Other searches with no Z_* candidate (yet)

(1) Search for Z_*(4430) in D*D, scattering near threshold
3 guenched asymmetric lattices
phase shift extracted with help of asymmetric boxes
[G.Z. Meng et al, CLQCD, 0905.0752, PRD 2009]

(2) First search for Z_*(3900)
 tand D D* interpolators, no diquark antidiquark

m, =266 MeV, L=2 fm, N;=2
only two-meson states found, no candidate for Z_* Oy O:yn+DD" 0:DD’
3 T T T T T T T T T T T T T T T T T T

[S.P. & L. Leskovec, 1308.2097, Phys. Lett. B] J
¥y I
28 A CHP, yasCha) Y
(3) W mand D D* interpolators, no diquark antidiquark 7o ¢ b 4 Y1y
‘ : e r——— VisQn(0)
HISQ quarks , m, =m =m./5, 16 x 48,a=0.15fm _ | = I = 5 DD
only two-meson states, no candidate for Z* e a 4200 ald sebooaoy
[C. DeTar, Song-haeng Lee, el |
private communication] ) B AR TG
C. DeTar, Poster Session 2 |
4+ + 4+ + + H+ 4+ + 4+ + + 4 Iy, (0)m(0)
2 '6 l7 I8 ; 110 1'1 112 ;i l7 IB ;) 1I0 111 1I2 l6 l7 l8 l9 110 1l1 112

t t t

S. Prelovsek, Hadron Spectrum 30



Other searches with no Z_* candidate (yet)

(4) Search for resonance in DD* scattering near threshold E ~ 3.9 GeV

- just D D* interpolators, no { 1 interpolators
- twisted mass quarks, m_=300, 420, 485 MeV, 323x 64

- partially twisted BC for u,d (not for c) and take care about s-p mixing when present
- the authors conclude that no Z_* candidate is found near DD* threshold
[Y. Chen et al, 1403.1318, CLQCD coll, Phys. Rev. D] L. Liu: Parallel, Hadron Spectrum, Friday, 14h55

P-wave

q cot(do(q)
g cot(81(q))
(=]

202 00 02 04 06 08 10 12
7 e

* Cautionary remark and lesson based on experience from
[S.P., Lang, Leskovec, Mohler, 1405.7623]
- conclusions based on D D* interpolators may not be reliable
- M« is dropping down to the true ground state Y 1t
- | minterpolators (and probably some others) needed

S. Prelovsek, Hadron Spectrum

1 1
peotd(p) =—+—r,p’

TIN5 00 02 04 06 08 10 12 Mem— mn=300 MeV

a, 2
1 = 0.003[p = 0.006[x = 0.008
ao[fm]|| -0.67(1) | -2.1(1) | -0.51(7)
ro[fm]|[ -0.78(3) [ -0.27(7) | 0.82(27)
©: DD', D'D
'_._"'I""I""I""\"",
241 ground state
- 22 =~ -
S e 1 D) D*(0)
84| g
< =
1.8 . . ;
T JAP(0) 71(0)
1.6 —
Ce oo v v b b by
0 5 10 15 20 25
t 31



X(3872), JP¢=1*, charmonium-like

First charmonium-like state discovered

sits within 1 MeV of DOD% threshold
8 MeV below D*D™ threshold

believed to have a large molecular D°D%" Fock component

[<1.2 MeV

decays to 1=0, 1 equally important

X(3872) = J/W w(I=0)

X(3872) > J/Wp (I=1)

Sasa Prelovsek, Munich 2013

isospin breaking
effects my be
important

70
60
50
40
30
20
10

=)
[}

X(3872)

e R ., 1
750 800

32



Evidence for X(3872) : JP¢=1*, 1=0

O:cc, DD, Jlyw (0]0;|x(3872))

(98]

107 E)
lattice (m_~266 MeV) Exp A - 1O,
~~ 21

N aF . o 10 = = cc

— 1 —1100 — 2 - e 114 0,
D()D*-1) fomomomi oo S 1 1% PRI 1| % 0

— a1 31000 % 10 £ 3 3.

5 T 1k 1o = U F 2 g% o
Jp(0)w(0) {_E ______ E ElS ‘5 A_é,‘ ST 100;_ < dlo OIDD*
DOD*0) E~7 77T ¥ Jee==se==3800 E = - SO | I

- X(3872) If  X(3872) 7 " S i 14 9

- i ELC Voio'e E

3 |3 oo E - 4

: 1F : X

— %X, (1P) 4F XCI(IP) =500 '_l' Overlaps normalized to <0| 0, |X(3872)>

- e “ © £ % Juo E

O:cc O:cc pole
DD* L—o
JAp o
\ * &, for DD* extracted using Luscher's rel.

and interpolated near threshold

* pole in T-matrix T «[cotd—i]" =00
found just below DD* threshold.

[S.P. and L. Leskovec : 1307.5172, Phys. Rev. Lett. ]

m =266 MeV, L=2 fm, Nf=2
S. Prelovsek, Hadron Spectrum 33



New evidence for X(3872) : JP¢=1*, 1=0

©: cc, DD

HISQ quarks,, m,=m,=m./5, 163 x 48, a =0.15 fm
[C. DeTar, Song-haeng Lee] C. DeTar, Poster Session

I .
1400 | Interpretation
1200 - They argue D(1)D*(-1) state is not
found although O incorporated
> P \h*f
%1000 o —
:?V: —B@)Bffe)———_$ D(0)D*(0) ( )
- X(3872
" 500 | ™ X(3872)
lat -13 6 MeV
oor exp  -0.14+0.22 MeV
400 0: cc (I=0) 0:cc+DD" (=0) Xe1

Possible direction to improve on X(3872):

* larger volumes since molecule may be of considerable size

e isospin breaking on the lattice

remember: sits 1 MeV of D°D%* threshold and 8 MeV below D*D*™ threshold, decays to 1=0,1
34



Related analytical studies

* Light quark mass dependence of the X(3872) in XEFT
[M. Jansen, H.-W. Hammer, Yu Jia, 1310.6937, Phys. Rev. D]

* Strategies for an accurate determination of the X(3872) energy from QCD lattice
simulations

[E. J. Garzon, R. Molina, A. Hosaka, E. Oset, 1310.0972, Phys. Rev. D]

e Hidden charm molecules in a Finite Volume
[M. Albaladejo, C. Hidalgo-Duque, J. Nieves, E. Oset, 1312.5339]
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Searches for double charm tetraquark with J°=1*, 1=0

(1) HALQCD method [Ishii et al., PLB712, 437 (2012)]
e potential between D and D*, and corresponding phase shift
* m_=410-700 MeV, L=2.9 fm, Nf=2+1
e potential is attractive, no bound tetraquark state found
[Y. Ikeda, HALQCD coll,, 1311.6214, Phys. Lett. B 2014]

100 . . . . . 35 o . ' ‘
0 o T I 30 | l”“ Jll |
00} 4 - B S N SN A S— | ‘ % % l g } |
S 20} § 22 ._.: {H i#‘iii
Z : - - g ‘ -} ].]{ | i de ,.,A_
< 300} . r é t } 1
%, 00 40T i 2 15 { |
> = i -60 4 H H H 5 H !
; - m_=410MeV —— 10 | ; . ]
-500 -80 |y -m_ =570MeV —— M -700MeV —
600 + 100 . F | m_=700MeV | -570MeV ——
' 0 02040608 1 1214 H M, -410Mev —.—
-700 b : : : . ;
0 0.5 1 15 2 25 3 50 100 150 200
r [fm] Ec.m.'MD'MD' [MeV]

(2) variational method with DD*, D*D* and tetraquark interpolators
preliminary results do not lead yet to the conclusion on existence of these states

Andrea Guerrieri, Wednesday 12h10, Hadron Spectrum

S. Prelovsek, CHARM 13, Lattice spectrum 36



D, states near DK and D*K thresholds

DK in s-wave and Dso*(2317) bound state

lattice (m_~156 MeV) Exp lattice (m_~156 MeV) Exp
] i 800 ] ]
- T w3 TR
4 4 2 D¥(DK(-1) p===========-mEmmmmmm oo 1 ]
B § __ N _- 600 ~. - _: - _:
o 10 ] =) : :
D(I)K('l) o e s s e e = I _500 E _— E Q3 o —_— —_
' ] S D*(O)K(0) [====rmmmmmmmmmmmmmmme e o | TP,
] ] ~ - g Jprrriees B
- o T 1400 g * i
T 1 1S g 1 _'
D(O)K(O) :-___i _____________________ _": _::::::::::::::_:_300 : 7 1
' : L i ar ]
— Ir —_200 1r 1

O:sc O:sc ole

p
Lo

[D. Mohler, C. Lang, L. Leskovec, S.P., [C. Lang, L. Leskovec, D. Mohler, S.P.,
R. Woloshyn, 1308.3175, Phys. Rev. Lett.] R. Woloshyn, 1403.8103]

Wilson Clover, m =156 MeV, L=2.9 fm, Nf=2+1

D*K s-wave and D,(2460), D,(2536)

800

700

600

500

400

3
()
m- 1/4 (mD +3mD ) [MeV]

200
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a, =-133x0.20 fm
r,=027+0.17 fm ’

* phase shift for DK or D*K

parametrization of phase shift near th.

* polesin S-matrix correspond do bound states

_ VL
2 Zoo (15 (2E)2

o (15 (82)2) . a,=-1.11=0.11fm
peotd(p) =—+—-r,p’

a 2 1, =0.10x0.10 fm
1

cotd—i

tan (p) =

T

=00

DK s-wave and Dso*(2317) bound state

lattice (mn~156 MeV) Exp
5 1800
. 1k 4700
o - AL 1600
5 ] ]
D(DK(-1) [ =N 1500
3 0 1 10
(R e e T g 300
i ¥ L * ]
- —_ — __ 200
O:sc O:sc  bole
DK Lo

[D. Mohler, C. Lang, L. Leskovec, S.P.,
R. Woloshyn, 1308.3175, Phys. Rev. Lett.]

) [MeV]

N

m- 1/4 (mD +3mD

D*K s-wave and D,(2460), D,(2536)

lattice (mn~156 MeV) Exp
- 2800
- o 1L 1700 3
D#(DK(-1) f==========- et 11 =
. 1k ~600
] ] A
- 3 Oz z b 1500 £
D*(O)K(O) j __________________________ —_ .:::::t:::::: +Qm
— X ES __ _ * __400 g
] i <
- 1T 4300 =
. 1F =200 :
O:sc 0O:sc Eole
DK
for mc=eo : D_(2536) does not couple to s-wave

[Isgur Wise 1991]

[C. Lang, L. Leskovec, D. Mohler, S.P.,
R. Woloshyn, 1403.8103]
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m- 1/4 (mD+3mD,) [MeV]

D. and D spectrum

m, =156 MeV, Nf=2+1

m, =266 MeV, Nf=2

DS MEeSOoNS (near-threshold)

[C. Lang, L. Leskovec, D. Mohler, S.P.,
R. Woloshyn: PRL 2013, 1403.8103]

these results

C. B. Lang, Monday, 17h50
preliminary results for DK and Dnt
S. Ryan, Thursday 16h15

Charmed scalar meson "puzzle" revisited

» why do these scalar partners have mass so close ?

D,(2400): M =2318 MeV TI'=267MeV cu or cuss?

1) is D," mass pushed up

M =2318 MeV TI'=0MeV

: valence ss pair ?? %

2) is Dy, mass pushed down : effect of DK threshold ?? ¢

Ensemble (1) Ensemble (2)
600 600
;‘ SO0 < T x —500
O ; s -x- _;= == ................. T seesssssssss e s
2 400F = -+ k-3 ~400
;\ 300 b=-- o s —300
% - — T 2 T
EQ 200 - T —1200
o i 1 4
+, 1001 T ~ 100
i 1 s 4
g of ™ [=ppG £ o
\ L Lat: energy level | L §
_ L Lat: bound state | |- — -
g -100 i from phase shift | | > i 100
-Zm * * * * * * -200
Ds Ds DsO sl sl s2 D Ds Ds() Dsl Dsl DsZ
o0 o1 - 1* 17 2° 0 1 of 1 1t 2
1000 [
900 r N
800|- : £ -
700 r E N
600 1 D mesons
500 r = D X .
400 3 1 (resonances)
300 - N
200l 1 [D. Mohler, S.P., D, (2317):
- D PDG values
1001 o m new BaBar states 71 R. Woloshyn:
oF x energy levels ]
-100F - o resorglz){nces ] PRD2013]
D D+ D D, D, Df D,
o0 v [ R R

S. Prelovsek, Hadron Spectrum
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m- 1/4 (mD+3mD,) [MeV]

D. and D spectrum

m =266 MeV, Nf=2 m, =156 MeV, Nf=2+1
Ensemble (1) Ensemble (2)
600 600
- T X 7
] S 2 X .=.71°% D, mesons (near-threshold)
E 400 PP S 1 z 7 400 [C. Lang, L. Leskovec, D. Mohler, S.P.
§\ 300 koo - P g -300 R. Woloshyn: PRL 2013, 1403.8103]
3 i e I 3 .
8 2001 - —1200
E i T i these results
+, 1001 T ~ 100
E ol * oG T ~ Jo C. B. Lang, Monday, 17h50
_ Lat: energy level | L 4 ..
é 100 . Latboundstate | |- 1100 preliminary results for DK and Dnt
| from phase shift | |
1 | S. Ryan, Thursday 16h15
200 — . — —!-200 e /
Ds Ds D sl sl s2 Ds Ds D D s2
F:o0 1 o 11 1° 2° 0 1 of 1 2*
1000
900 _
L ] ..
jx. 5 = Charmed scalar meson "puzzle" revisited
C X ]
x.‘ e . ] D mesons »why do these scalar partners have mass so close ?
a00f- - = g 1 _(resormances) \ D;,(2400): M ~2318 MeV T'=267MeV cu or cuss?
300} . . _
2001 1 [D. Mohler, S.P., D,(2317): M =2318 MeV TI'=0MeV cs or cs[uu+dd] ?
r D PDG values 1
mg X — m new BaBar states 71 R.Woloshyn: 1) is D," mass pushed up :valence ss pair ?? %
1ok = N ?g:;rglznlgevsels 1 PRD2013] 2) is D" mass pushed down : effect of DK threshold ?? ¢
D D* D* D, D, Df D,
I 0 1 [ S R

S. Prelovsek, Hadron Spectrum
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Composition of A(1405), JP=%

Derek Leinweber, Wednesday, Hadron Spectroscopy

exp: resonance in 2 located below KN th.
ground state energy determined from lat. using

O = uds and represented by pink crosses

ground state E fitted with the eigenvalue of finite
volume Hamiltonian EFT and parameters
extracted [Hall et al, 1303,.4157, PRD]

Hamiltonian EFT describes interactions between

uds, rg, KN, K=, nA
composition of eigenstate is extracted from EFT

authors conclude that A(1405) is dominated by
KN at the physical quark mass

PACS-CS conf, m_=150-700 MeV, L=2.9 fm

Effect of including Nmt interpolators for other channels
Waseem Kamleh, Wednesday, Hadron Sepctrum

Valentina Verduci, Poster Session

2.0

E (GeV)

19 |

17 |7
16
15

14

18 -7

— matrix Hamiltonian model
— - non-int. ¥ energy
----non—int. KN energy

- non-int. K= energy

(o]

x A(1405) Lattice results

1.3

[statel Y o

08

0.6

04

02

15

156

S. Prelovsek, Hadron Spectrum
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Mesons above threshold —

resonances
(Lguesr;i;arlized) Breit Wigner
formulae fit

v
E(L) - 6 — m,I or coupling

v Y

Spectrum for | | phase shift for
L~ few fm elastic scat. Resonance

parameters
O =qlq,
Gl\q) 5 (@U2q) 5, =M () My (5y)

S. Prelovsek, Hadron Spectrum

K(p) \
/'

n(-p)

/K
G0~

(LL)=(1/2,1/2)
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P resonance IN TUT  reviewed by Takeshi Yamazaki, plenary talk
K*(892) resonance Kt reviewed by Takeshi Yamazaki, plenary talk

K(p) \
Krmr, I=1/2; p wave phase shift @ \
400_ : — — » P=ex+e},,Bz (- p) (LL)=(1/2,1/2)
3501 | 1/ 2 w ] |aP=egse,B,
3001 "’ . ~ P=e E 2 2
i ' | z! -F
250+ Jll _ O P=0, Tl- BW: 6= aCOtM
[ | . my I’
200} ) i
150 & " :
100} &? _' 2 %3
- - I'K* - Kn| =
sof- | : 67r 8
0 I J./" [ R RN R S N R |
09 1 1.1 12 13 14 15 16
Vs [GeV] MK+ (892) 9K *(892)
MeV] no unit|
lat 891 + 14 5.7+1.6
[S.P. ,Lang, Leskovec, Mohler, 1307.0736, PRD 2013] exp| 891.66 +0.26 5.72 + 0.06

m, =266 MeV
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Resonances in Kit, Kn coupled channels

discussed by Yamazaki, Briceno, Wilson at Lat 14

* qq, Kit, Kn interpolators e i

 anumber of different 0<P<2

* foreach E : one determinant N E— : —
equation for many unknowns i —i— —— )

e T-matrix parametrized

. (17627:5'5—1) - Me":(éz‘i‘ég)
to get around this problem bi= "3 lii = 250
* the location of poles of T-matrix in complex plain is
given below . . . = Re /iy / MeV
e K*(892) and k are below threshold for this m_ 0 H:—+’oﬁ/ ------- ,f/ ----------- '-
* * ) ) ﬁ[{,*
* K, , K, areresonances . 2
& -100F
* m_=391 MeV, N =16, 20, 24 Q
[Dudek, Edwards, Thomas, Wilson, HSC, 1406.4158] = = -}1
23004
y o 1)  MEPA (. _ : : -
det [5zg5JJ' +1ip; ti;" (Eem) (5JJ' +iM;y (sz)) ] =0, location of poles in T matrix in complex plane
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D-meson resonances in Dt and D*mrt

discussed by Daniel Mohler, plenary at Lattice 2012
N(E)=g"L

E2 g is compared to exp instead of [ (I depends on phase sp. and m_)

(analysis of spectrum in this

. . case is based on an assumption
JP=0"" Dm JP=1* * D*m

given in paper below)

D, (2400) | m - 1/4(mD+3 mD*) D,(2430) | m - 1/4(mD+3 mD¥*)
lat 351+ 21 MeV 2.55+0.21 GeV lat 381 + 20 MeV 2.01 £ 0.15 GeV
exp 347 £ 29 MeV 1.92 + 0.14 GeV exp 456 *+ 40 MeV 2.50 £ 0.40 GeV
1000 :
900 B 7
> 800 —— -
g T00r e .
~ 600_— _3_ 7
L i _
§ 500 = [ '
+_ 400- 3 ]
£ 3000 =] b
first lattice re§u.lt for strong decay width of a 5 00l = BaBar 2010 ]
hadron containing charm quark — - m LHCb2013 -
100 O PDG values |
[D. Mohler, S.P., R. Woloshyn: 1208.4059, PRD] &  of - ot naive lovel
* m =266 MeV, L=2 fm, Nf=2 -00p_ = ¢ lat: resonance
IT: 0 1 o 1t 1t 2t 2
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Lightest axial resonances a,(1260) and b,(1235)

Simulating scattering:
P TUin 1** channel to extract a;

W TTin 1* channel to extract b,

m =266 MeV, L=2 fm, Nf=2, P=0 [Lang, Leskovec, Mohler, S.P., 1401.2088, JHEP]

resonance a1(1260) b1(1235)
quantity mLes Jarpr Oy mp® Gbrwm p
[GeV] [GeV]  [fm] [GeV] [GeV] (E)=g"—
lat 1.435(53)(19) 1.71(39) 0.62(28) | 1.414(36)(*%;)  input L
exp | 1.230(40) 1.35(30) - 1.2295(32) 0.787(25)

p and w assumed to be stable which is a good approximation for given simulation parameters
going beyond that aprpoximation will be very challenging

analytical study of a, for unstable p: [Roca, Oset, 1201.0438]

analytical studies of 3-particles:

[Hansen, Sharpe 1311.4848; Polejaeva, Rusetsky, 1203.1241; Briceno, Davoudi, 1212.3398]
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Isovectors including meson-meson interpolators

* anisotropic, m =240, 390 MeV, N,=24,32

* anumber of gq and MM interpolators

for a number of u,d,s channels

e stochastic distillation

e results for p channel shown

Morningstar, Wednesday, Hadron Spectroscopy

effective masses () for levels 16 to 31
323 x 256 lattice for m,. ~ 240 MeV

@ numbers of operators for 7 = 1, S = 0, P = (0,0, 0) on 24° lattice

0.2/7(b) 0.284(22) 12up_s 0.28/(9) 0.289(8)
] 200 008, S e PO H.{l es] [l a3 ..
Aunqndh'ﬂkagx A 1 . 773 { I a ﬂﬁi&
0.289(9) 0.291(5) 0.292(7) 0.292(12)
NI T 1 | [ P L 99 I —
and - B4 2 a s o B e el Fop: ]II ey k== Paefls.§. «q ===
i kil tT T |
. 0.295(13) 0.296(7) 0.299(9) 0.299(9)
% "4‘—.ulﬁﬁ£}i{ .‘.’.q.o..,.'..,n{.{ ..... M&Eﬁl}_ -:”M“lﬁ}ﬁﬁi .
0.299(3) 0.299(13) 0.301(8) 0.308(6)
-’é< M EALTL | [Tos 5 IRt JIfT b
:%"«W"‘"';"ifff Seas S M } TerrEey_y { mpquIH—II}
0 5 10,15 20 5 1015 20 5 10,15 20 5 10,15 20

S. Prelovsek, Hadron Spectrum

(24%390) A{, Af, A5, A}, Ef E@ T T | T} T,
SH 9 7 13 13 9 9 14 23 15 16
“rr” 6 12 2 6 8 9 15 17 10 12
“nm” 2 10 8 4 8 11 21 14 14 13
“or” 2 10 8 4 8 11 23 3 14 13
“KK” 0 4 1 4 1 4 8 10 4 6
Total 19 43 32 31 34 44 81 67 57 60
E,, in p channel for approx. 50 levels
B single-hadron dominated
I two-hadron dominated
3 significant mixing
III.IIII'I..II
-n "l....-
> Y TLLEL e ha®t
Y .
o
L preliminary
Levels
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Related topics

* Meson mass decomposition

Yi-Bo Yang et al, XQCD coll., 1405.4440, Yang, Tuesday

M = —(Ty) = L(/HE>+<Hm>+<Hg>+<Ha>

\ —

contribution (%) in Mpg'™

—

0.8 |

0.6 El e

04 ¢

K XX X x

02

o

1 -<I-T;,>/M —a—

<H >M —a—

<Hg>M  —— ]

<Hg>/M ——
<H >M —o— N

AL A ? o]

A

=
O]

$9 ? @

X x
® ¢

gy |
. B

0.0250.05 0.1 0.25 05 1

m," (GeV)

He = Y [0

u,d,s...

Hn = /d%m%/z

u’d,s...

1
H, = /df‘x 5(B2 — E?),

 Extended QCD
David Kaplan, 1306.5818

_ 1
SXQCD = NC/d4£E [¢ (D + m) Vv + Sym + A2 (TI‘ TP + §TI‘ [Vi + ai])]

/e—NcA2 [d*z [Tr &’ o+ 1Tr (vuvutauay)] det[D+m] = N det [m + m]

D=D+y+igys +2(2Pr +9'P_)

—

Exactly
- equivalent
to QCD

—

limit Nc=oo : direct connection with nonrelativistic quark models with constituent quark mass

respects chiral symmetry giving massless pion in chiral limit

S. Prelovsek, Hadron Spectrum
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Challenges: two examples

S. Prelovsek, Hadron Spectrum
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Challenge : precision simulation of Z_*

On larger volume: more two particle states

46

44—

|-~ === -]

42—

*|
#

--:.-- e |

ET |

%
'
‘I

E[GeV]

34—

32—

Exp.

E [GeV]

4.6

4.4

4.2

3.8

3.6

34

32

L=3fm L=2fm
L TTTrT T T T Physical masses used
F————=—=—=——==== B _ e J/\IITC
e R Ui P94 EEEes Yoy T
cooocococeo b 4 |- DD*
meateitelebtelebtel = F —4.2
Sl el g el And there
i ) S - are other
- — — —4 two-particle
L _ states!
= mmmm i m i m R e ] 38
- -4 —3.6
— - - 34
a 4 F =32
-]

E(L)=\/m12+f712 +\/m§+ﬁ§ +AE

—2npn
=N

— 27
Po=5Mn

Rigorous treatment very challenging: at least 6 two-particle channels coupled !!

S. Prelovsek, Hadron Spectrum
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Another challenge: Z,*

On larger volume: more two-particle states

E [GeV]

10.8

10.6

10.4

9.8

9.6

Exp.

9.4

L=3fm L=2fm

10.8

10.6

10.4

10.2

10

9.8

9.6

94

Belle 2011

(a)

3
T

+
Yls T[ 7

(Events /10 MeV)
8 8
T

I T
qﬂJ 102 103 104 105 106 107 108

M(Y(18)71),,,, (Gev/c’)
. 80 T T T T
Physical masses used Y +
cwl Tt
>
Y .1 .
n
S i
[d
..... Y, . T Bl
2S
- B B* e e T S
qA 1045 105 1055 106 1065 107 10.75

M(Y(28)7),,,, (GeV)

120 .

~ 100 @

"U +
And there < Y35 T
are other i "
two-particle 3

5 40
states! &,

................... Lipht

1988 0.6 10.62 1064 10.66 1068 107 10.72 10.74
M(Y(38)7) s (GeV/c?)

+ +
Lt->Y T

E(L)=\m + p? +\m + p> +AE

=27
pi=TMn

— 27y
P=T1,

Rigorous treatment very challenging: at least 6 two-particle channels coupled !!
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Conclusions

Recent developments in hadron spectroscopy (with emphasis on mesons):

* below threshold states treated with unprecedented accuracy

e extensive results for multiplets within single-hadron approximation

e first rigorous treatments of near-threshold states:
evidences for Z_*, X(3872), D, (2317) , A(1405)

* anumber of resonances studied rigorously:
p, K, K*, K", K", D,", Dy, a,, by

e coupled inelastic problem treated in QCD for the first time (to my knowledge):
K, Kn @ K, K*, K", K,



Conclusions

Recent developments in hadron spectroscopy (with emphasis on mesons):

* below threshold states treated with unprecedented accuracy

e extensive results for multiplets within single-hadron approximation

e first rigorous treatments of near-threshold states:
evidences for Z_*, X(3872), D, (2317) , A(1405)

* anumber of resonances studied rigorously:
p, K, K*, K", K", D,", Dy, a,, by

* coupled inelastic problem treated in QCD for the first time (to my knowledge):
K, Kn @ K, K*, K", K,




Conclusions

Many exciting challenges remain

TABLE 10: Quarkonium-like states at the open flavor thresholds. For charged states, the C-parity is given for the neutral

members of the corresponding isotriplets.

rigorous treatment near multiple thresholds?

An urgent example: quarkonium-like states

how about interesting states that lie even higher above threshold(s) ?

i (#0)
Belle [772, 992] (>10), BaBar (093] (8.6)

CDF [994, 995] (11.6), DO [996] (5.2)

Belle [999] (4.3), BaBar [1000] (4.0)
Belle [1001] (5.5), BaBar [1002] (3.5)

BaBar [1002] (3.6), Belle [1001] (0.2)
Belle [1004] (6.4), BaBar [1005] (4.9)

BES 1II [1007] (8), Belle [1008] (5.2)
T. Xiao et al. [CLEO data] [1009] (>5)

State M, MeV T, MeV JPC Process (mode)
X(3872)  3871.68£0.17 <12 177 B K(ain J/y)
pp— (mFrJ/) ..
= (rtaJ/) . LHCb [997, 98] (np)
B K(rtn=w0J/y)
B— K(yJ/4)
LHCb (1003] (> 10
B — K(v9(29))
_ LHCb [1003] (4.4
B — K(DD*)
Z(3885)"  3883.9+45 25412 1t~ Y(4260) -« (DD*)* BES III [1006] (np)
Zo(3900)" 38912433 40%8 77 Y(4260) 7 (77 J/v)
Z.(4020)+ 40229428 T.9+£37 7  Y(4260,4360) — 7 (r*he) BES I1I [1010] (8.9)
Zo(1025)F  40263+4.5 248495 ?°~ Y (4260) —»«~ (D*D*)* BES III [1011] (10)
Z,(10610)*  10607.2 £2.0 18.4+2.4 T(10860) — m(x (1S, 25, 35)) Belle [1012-1014] (>10)
T(10860) — 7 (n hy(1P, 2P)) Belle [1013] (16)
T(10860) — 7~ (BB*)* Belle [1015] (8)
Z,(10650)7 106522+ 1.5 115422 1+~ T(10860) — 7~ (7Y (1S, 28,35)) Belle [1012, 1013] (>10)

(
T(10860) — 7~ =1r+hh(1P, 2P))
T(10860) — n~ (B*B*)*

Belle [1013] (16)
Belle [1015] (6.8)

Year
2003
2003
2012
2005
2005

2008

2006
2013
2013

2013
2013
2011
2011
2012
2011
2011
2012

<> Can we understand almost complete absence of exotics

in most of other meson systems?

<> Looking forward to new challenges ...

can one afford to study them on larger volumes given the increasing number of two particle states?

TABLE 12: Quarkonium-like states above the corresponding open fiavor thresholds. For charged states, the C-parity is given

for the neutral members of the corresponding isotriplets.

Siie M, MOV T, MeV 7T Proves (mode) Experiment (#0) Year Status
Y@l SB4E1s 20%5 077 B KW/ ele [1050] (5), BaBer (1000, 1061] (19) 2004 Ok
N ) Belle [1052] (7.7), Baar 1053 (76) 2000 Ok
Xa(2P) WM2E26 LS 25F ete ete (DD) Blle [1054) (5.9, Babar [1055] (58) 2005 Ok
XGoao) 32l gL 7t erem —u(DDY) Beile [1048, 1045] (6) 2005 NCI
T e e ) Bele 1005, 1056] (7.4) 207 Nl
POW) M00E1 LI 1 eter = (DODO) 1078 Ok
et = (/%) Belle [1057] (6.0 0y Not
2050 40513 s 7t B (e Belle [1058] (50), BaBar [1059] (11) 2008 NCI
Y(40) 4455520 1815 7T B KTGIN) CDF [1060] (5.0), Belle [1061] (18), 2008 NCI
LHCb 1062] (1.4), CMS [1063] (>5)
D0 [1064] (3.1)
BB 459E3 10328 177 cFem — (DOD) 1978 Ok
ete /%) Belle [1057] (65) m Ner
X(160) 415672 etem < Jfu (D7D Belle [1049] (5.5) 207 Nt
2200~ 419635 B K= jw) Belle [1065] (7.2) 204 Nal
Z(a250)~ 42487550 B9 K~(rxer) Belle [1058] (5.0), BaBac 1059] (20) 2008 NCI
Vin0) 425049 ) BaBar (1066, 1067] (8), CLEO [1068, 1069] (11) 2005 Ok
Belie (1008, 1056] (15), BES 11 1007 (np)
€%e = (fo(350)1/0) BaBar [1067] (up), Belle[1008] (np) 2012 Ok
erem - (r2(3900)*) BES I [1007] (8), Bell [1008] (52) 2018 Ok
ete = (4 X(3872)) BES 11 [1070] (5.3) 03 Not
Y@ assin Sals 1 BT K@) CDF [1060] (31, LHCb 1062] (10), 2011 NCI
CAS [1069] (>3), DO 1064] (up)
Xass0) 4s8067HE 15 027 erem v ete (69 Belle 1071] (32) 9 Nl
Y0 AL TEL 17 ehem — (rraw(28)) Belie 1072] (3), BaBar [1073] (sp) 2007 Ok
250" assE1s  166ZF 1T BO s K- (rrp(as)) Belle 1074, 1073] (64), BaBar 1076] (24) 2007 Ok
LHCB (1077 (13.9)
B Ky Blle [1065] (10) 2 Nor
X 4y, st 1 ere (AT Bele 1078] (82) pran)
VSO 466510 SSELE 17T ete - (ronw(as) Belle[1072] (55), BaBax 1078 (5) 2007 Ok
T(10860) 1087611 55428 17 etem — (BB ) 1985 Ok
ete o (rrT(15,25,39)) Blle (1013, 1014, 1070] (>10) 207 Ok
ete = (oBSOT(1S) Bele 1013, 1014] (>5) 011 Ok
e = (710610, 10650)) Belle 1013, 1014 (>10) 211 Ok
erem o (e(15,25)) Bele [348] (10) 2 ok
ete o (rinT(D) Belle (048] (9) 22 ok
V(108) 108884 £30 0.7 1 ebe = (riaT(0S)) Belle [1080] (23) 208 Nt

MNa
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Backup slides
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O, = OV = &v.¢(0) dysu(0),

0y = 0O _ g o(0) drysu(0) Interpolators in Z¢c channel

_ m¥O)=(0) _ 7
O3 =03 = Cgﬂz‘?jc(o) dysu(0) [S.P., Lang, Leskovec, Mohler, 1405.7623

0, = OO0 ésj’y{ytvjc(O) dvysu(0),

05 = 0¥ = eyl lesim| 24,V V me(0) dsu(0),
Os = O™ = |e;jxl|€xim] C“Yt'Yjstva(O) dv;u(0),
O, = 0¥ "0 — R, Quim ﬁjglvmc dysu(0),

Op = 0§ = R Qrim éYt'Yjvlvmc dysu(0) .
Oy = QYO = Z eyicler) dysu(—ex),

er==xez .y, »
Oy = O™"000) = zy.¢(0) dvy;u(0),
011 = 07070 = 2y5u(0) dric(0) + {75 > 7},
O = Of OO — &ys1w(0) dyivec(0) + {5 < %},
O3 = PP 1= Z eysuler) dvic(—ex) + {75 < 7},

ep==xe€xr 4y 2

014 = OD'(O)DK(O) = €k (-3'}’]11,(0) d_")'kC(O),

O15 = O = N} €ape€are (GCY5de coYiCe — ECYide cyysCue)
O15 = 037 = N} €ape€are (6sCde cyyivsCue — ECYY5de cyCuy)
Oy7 = 03" = OF(N, =32),

O = O:" - qu(Nv=32) . S. Prelovsek, Hadron Spectrum
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Wick contractions for Zc+
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E[GeV]

Overlaps of all states in Zc+ channel
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D spectrum: single hadron approximation

2000 —y B Lattice
! — | — — o Experiment .
! - .- — e — F - Wave
- e — __.--"Hybrid = |
%lm: """""" D - Wave o
§ I I [—]
QU I [—————]
A f ! P - Wave DR
| CI0ET T T L. T. T T T L. T T T LT Tl T == T . T LT
S o s
15-2S: A A s - E [
~ I ! Dn
700 MeV : _ S - Wave
\Il soor S T R - - - - - - S
0 1 2 3 4 0 1 2" 3’ 4
[G. Moir et al, HSC (Hadron Spectrum Coll.): 1301.7670, JHEP] Hybrids:

* m_=400 MeV, L=2.9 fm, Nf=2+1

* reliable JP determination; many excited states

* identification with N 25+1L

* green: lat, black: exp

; multiplets using <0|n>

S. Prelovsek, Hadron Spectrum

large overlap with O= Fij q

gluonic tensor F;=[D;, D; ]
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D, spectrum: single hadron approximation

2000 ———— — Lattice 1
I . _- I = Experiment |
| = Hybrid I = = ==
S [ T D-Wave Pl e T | FoWave ]
Q 1500+ R A
s | — _
N — .
\g R P - Wave 1
glfm; _______________ T |- - - =_ _ _ L _ _ _ _ 4 DK
= ¢ e e e e S e -
! — DK
I S - Wave
S0F | - i
0 1 2° 3 4” 0" 1" 2" 3" 4"
[G. Moir et al., HSC : 1301.7670, JHEP] Hybrids:
* m =400 MeV, L=2.9 fm, Nf=2+1 large overlap with O=gF; q
* reliable JP¢ determination gluonic tensor F;=[D;, D; ]

* identification with n 2>*1L, multiplets using <O|n>

. . .
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